This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. on hydrate systems, including CO 2 , TBPB (tetra-n-butyl-phosphonium-bromide), and mixed CO 2 -TBPB hydrates. In addition to feasibility concerns, energy efficiency is also a crucial concern requiring an objective analysis of the improvements likely to result from these new materials. An impartial framework was thus constructed based on the principles of optimization methods. This approach was applied to these three hydrate slurries as well as to the well-known ice slurry for comparison purposes. A numerical model of secondary M A N U S C R I P T
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M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 1 Introduction
One of the challenges facing the refrigeration industry is the need for drastic reduction of its contribution to global warming. The Global Warming Potential (GWP) of current refrigerant fluids is on the order of several thousand [1, 2] , yet large cooling units unfortunately experience significant leakage rates. After adding in the indirect effects due to energy consumption, this industry contributes as much as 8% of all greenhouse gas emissions.
Research on new refrigerants with low GWP is underway, but secondary refrigeration is an already existing solution: when distributing cold via a loop containing an environmentally friendly fluid, the volume of refrigerant as well as leaks can be severely limited. Until recently, the choice of a secondary fluid was essentially limited to chilled water and ice slurry. Chilled water transports sensible heat, which requires significant flow rates, while the latent heat transported by ice slurries is delivered at temperatures below 0°C. However, a new class of phase-change materials is emerging for refrigeration applications: hydrate slurries.
Well-known in the petroleum industry, semi-clathrate hydrates are ice-like crystals where H 2 O molecules form cages around host molecules. These molecules can be a gas (CH 4 , CO 2 , alkanes, SO 2 , etc.) or salts like tetra-n-butyl-ammonium-, or phosphonium-bromide (respectively TBAB and TBPB). Mixed hydrates may also form, e.g. with CO 2 -TBPB [3] .
These two-phase solid-liquid materials offer several advantages: the transport of latent heat [4, 5] , good fluidity [6] , and such a wide variety that the phase-change temperature can be adapted to the design application [7] . Hydrate slurries are thus good options for secondary refrigeration [8] [9] [10] or cold storage [7, 11] . Their rheology [12, 13] , thermal properties [14, 15] , and phase-change kinetics [11, 16, 17] have been studied extensively. Apart from these characterization studies, performance analyses of secondary refrigeration systems using hydrate slurries are still scarce [18] [19] [20] [21] . They may invoke various features as efficiency M A N U S C R I P T
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5 arguments, including significant latent heat of fusion, fusion temperature, low viscosity, rapid kinetics, etc. This makes it difficult to compare the various slurries on common criteria.
The purpose of this article is to build a thermodynamic framework for evaluating the energy efficiency of secondary fluids and comparing them on a sound and impartial basis. The approach adopts the fundamental principle of optimization, i.e. minimization of an objective function under given constraints equally applied to each system under comparison. Four slurries were considered, three with either CO 2 -hydrate, TBPB-hydrate, or CO 2 -TBPB mixed hydrate, as well as the ice slurry for comparison purposes. These four slurries were chosen for their variety of thermodynamic properties, enthalpy of fusion, viscosity and rheological behavior, melting temperature, and presence or absence of gaseous CO 2 . Rather than simply ranking these slurries, one purpose of this study is to ascertain which slurry property has the leading influence on energy efficiency by using thermodynamics-based arguments. A numerical model of secondary refrigeration system in steady-state was built. For each of the four slurries, this model was used for designing the system that minimizes the energy consumption and fulfills the prescribed constraints. The four systems can then be compared on a fair basis.
Thermodynamic framework
In thermodynamic terms, a secondary refrigeration loop simply transports heat from the user, e.g. an air-conditioned room or food needing to be preserved, to the primary cooling unit, or more precisely to its evaporator. The loop itself is merely a dissipative process, while the primary unit converts electricity into cold production. As the notion of energy efficiency only makes sense for energy conversion processes, energy analysis of secondary refrigeration can be relevant only when it considers the whole system, secondary loop plus primary unit, as presented in Fig. 1 . This framework contains all the basic components of secondary refrigeration. The loop (123451) transports cold to the user over the distance L. Ice-or
hydrate-crystals are generated in the HXE heat exchanger, which also is the evaporator of the cooling unit. The slurry circulates in the loop via the pump P and receives the heat flux I Q & from ambient air through the thermal insulation of the secondary circuit. Most of these crystals melt in the user's heat exchanger HXU. The cooling unit consumes mechanical power for its primary compressor (PC) and rejects heat outdoors through its condenser (HXC). When the hydrate contains CO 2 , crystal fusion produces gaseous CO 2 . This gas is separated from the slurry at the outlet of HXU; it is re-pressurized in the gas-compressor C G and circulated via the line (67) toward the HXE, where it contributes to formation of new hydrates. Fig. 1 : Sketch of a secondary refrigeration process. 123451: slurry loop; P: slurry circulationpump; HXU, HXE and HXC: heat exchangers on the user's side, at the evaporator and at the condenser of the primary cooling unit, respectively; PC: primary compressor; V: throttling valve; 67: return line for gaseous CO 2 and CG: gas compressor (when involved). L= distance between user and primary cooling unit.
When applied to this global system, the First Law in steady state gives the following balances:
The COP of the primary cooling unit ( )
is related to the internal exergy efficiency of the primary cycle η PC (accounting for non-isentropic compression and expansion) by: 
The last constraint is a technical one: it is important to prevent the slurry flow from being blocked by sedimentation and aggregation of crystal particles anywhere in the secondary circuit. This can be done by forcing the slurry flow to be turbulent. For non-Newtonian pseudoplastic fluids, turbulence is fully developed for Reynolds numbers above 4000. This value is thus imposed as a minimum for the Reynolds number almost everywhere (constraint #4). Indeed, the heat flux from the user makes this condition less crucial in the HXU heat exchanger, where the minimal Reynolds value ca thus be lowered to 2500, a value that still lies within the laminar-turbulent transition domain. An a posteriori check was performed to ensure that the slurry velocity always lies above 0.5m.s -1 , another condition for preventing blockage according to [22] .
Several other design parameters are also prescribed. The first is the transport distance L between the user and the primary unit (L=50m). 
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Their main thermophysical characteristics are reported in Table I . Usually, ice slurries are based on more concentrated solutions, so that phase change occurs well below 0°C; this constraint is not necessary for air-conditioning applications. By its low viscosity, a low fraction x 0 is a priori beneficial while still presenting a case with melting temperature below 0°C. The slurries CO and TB strongly differ by their enthalpy of fusion and their viscosity; the values of P G and x 0 were chosen in order to equate their melting temperatures and discriminate the effect of this temperature on energy efficiency. Lastly, the slurry MH has almost the same properties as TB except the melting temperature. All these choices have been made in order to compare the impacts of the various properties.
Operation of the secondary circuit, as represented in Fig. 1 , depends to a large extent on the maximal and minimal crystal mass fractions X 1 at the outlet (point 1) and X 5 at the inlet (point 5) of the HXE heat exchanger where crystallization occurs. In order to ease crystallization in HXE, the slurry is assumed to always contain a small amount of crystals. This avoids nucleation delays (induction time) and subsequent supercooling, which may be significant and rather out-of-control [3] . A low but non-zero value is the given to X 5 for each slurry: 0.03.
Various values of X 1 are explored in order to determine numerically the optimal operation conditions.
For given values of these two fractions, only one value of the slurry flow-rate satisfies constraint #1 on U Q & . Constraint #4 on the Reynolds number then leads to the hydraulic diameters for the loop and the heat exchangers. Once these diameters are known, the pressure drops and heat transfer coefficients can be evaluated, leading to the refrigerant temperatures in the cooling unit. This data makes it possible to know all the fluxes mentioned in the energy balances (1) and (2), and consequently to assess the total energy consumption. Table I . Once the material compositions and the solid fraction χ S are determined, all the other mass fractions mentioned above can be deduced.
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However, for the slurries with additive (IG, TB and MH), the equilibrium temperature T eq depends on the additive concentration in its aqueous solution , and the mass fractions χ • , is given as:
The crystal mass fraction in the slurry, X, is also a key parameter for many thermophysical properties of the slurry (density, heat capacity, conductivity, viscosity) described in the Appendix. It is simply given as Even with the slurries CO and MH, it is assumed that a gas-free slurry is supplied to the secondary circuit. Indeed, in real installations a storage tank is usually implemented at the outlet of the crystallizer HXE [23] . There, separation between gas and slurry occurs naturally due to gravity. Moreover, the gas generated by crystal fusion in HXU would make the slurrygas flow in the return line (45) rather complex and difficult to control. The gaseous CO 2 will likely be separated from the slurry, e.g. in a cyclone implemented at the outlet of HXU. In such a case, the lines (123) and (45) are free of gas ( 0 G χ = and X=χ S ) while the gas returns to crystal generation in HXE via a separate line (67). Although finally negligible, the mechanical work required for recompressing this gas flow was considered in this study, as well as the mass balance at the separation between the lines (67) and (45):
( )
Enthalpy balances and heat exchanges
In addition to eq. (1), the enthalpy balances involved in the secondary loop are: 
The enthalpy gain (h 7 -h 6 ) by compression of gaseous CO 2 in the compressor CG at the outlet of HXU is based on an isentropic efficiency of 0.8. Herein, the enthalpy of the flow is a function of both temperature and composition, and not of pressure. First, only the gas phase is compressible, and its weight is weak. Second, the extra pressure related to pressure drops in the loop is applied to the flow by the pump P without adding any CO 2 into the liquid phase.
The amount of dissolved CO 2 in the liquid phase, with which the solid phase is in equilibrium, is thus unchanged, and remains unchanged when pressure decreases along the loop. It can be inferred that the CO 2 partial pressure P G is uniform along the circuit. After introducing the average heat capacity p c of the flow, the isobaric change of enthalpy is written:
In each heat exchanger, HXE or HXU, the gradient of the flow enthalpy in steady state with negligible longitudinal conduction is ruled by: relationship between dT and dχ S is known. As phase change is assumed to occur at the equilibrium temperature ( )
, G eq x P T , two cases must be considered before global resolution.
Slurries with additive
For the slurries IG, TB, and MH, T eq depends on the additive concentration x. Using the partial derivative ( )
and the relation between x and χ S at constant total mass (liquid+solid+gas), eq. (3), the partial derivative ( )
, denoted as β in the following,
can be defined such that:
The enthalpy gradient can be rewritten in terms of temperature gradient: 
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CO 2 single hydrate slurry
The slurry CO falls into the second case: there is no additive (x≡0), and T eq only depends on the CO 2 pressure P G . In this case, temperature is uniform as is pressure:
in T T = , and equation
the solution of which is:
Global resolution
The The data and formulae used for evaluating the heat transfer and friction parameters are described in the Appendix. Lastly, the rheological laws given in the Appendix result in pressure drops in the heat exchangers ∆P HXE and ∆P HXU .
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5 System optimization, results, and discussion
Numerical results
The relations and rules described above leave two degrees of freedom in the design of the slurry loop: 1) the crystal mass fraction X 1 at the outlet of the crystal generator HXE, and 2) the tube diameter D of the slurry loop. Once X 1 and D are given, the only value of m & that satisfies the equations (5) to (8) 
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lies around 0.20 for the IG slurry, and around 0.14 for MH. Meanwhile, from points 'A' to points 'B', the total electrical consumption is reduced by 12-15%, which is not insignificant. to such a range of power rates, and such an approach forcedly leads to the smallest possible X 1 as optimal, just because it trivially minimizes the rate of irreversibility. The present approach differs completely and leads to quite different conclusions.
Mass and heat transport phenomena
In 
Minimization of total energy consumption: an optimal value of X 1
The total energy consumption w T sums up that of the primary compressor, w PC , plus that of the two circulation pumps, w P +w G . When present, w G is very weak and scarcely depends on X 1 : only w P and w PC are important in the analysis. The pumping power w P
, curve with black + in Figure 5 , increases very significantly
, with a much stronger slope for the large values of X 1 . The consumption of the primary compressor is given by: Figure 5 shows that w PC depends on X 1 with the same trend as E T ∆ (solid curve bottom). All those results show that there exists an optimal value of X 1 . When X 1 increases in the low range [0.12 -0.14], the pumping power w P is so low compared to w PC (6×10 -5 vs. 0.33) that even a factor of 3 leaves it negligible in the total balance. Meanwhile, the substantial increase in the evaporation temperature (+3.3K) significantly reduces the difference (T C -T E ), and therefore the power rate w PC . When X 1 lies in the high range [0.20 -0.22], the pumping power w P has become significant (2.8×10 -3 ) and the evaporation temperature gets closer to its asymptotic limit. With the same increase in X 1 , w P increases by a factor of 2.3, i.e. by +3.8×10 -3 , and T E increases by (+0.7K) only, so that the resulting decrease in w PC is of (6×10 -3 ) only. This development shows that there is a trade-off between the increasing power M A N U S C R I P T
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consumed by the circulation pumps and the decreasing power consumed by the primary compressor. This trade-off could not be evidenced if the analysis were limited to the secondary loop only.
The existence of an energetically optimal value of X 1 is an argument supporting the efficiency of two-phase fluids for the purpose of secondary refrigeration compared to single-phase fluids. Table I ), the pumping power can be maintained at an auxiliary level via an adapted circuit design. In parallel with the 15K increase in fusion temperature, the evaporation temperature rises from -9.5 (IG) to +4.4°C (MH), i.e. an increase of +14K. With
is thus decreased by 25%, and the total energy consumption decreases by the same proportion. Two other slurries were considered in this study, TB and CO. They have the same fusion temperature, but with respect to latent heat of fusion and viscosity, CO is closer to IG and TB closer to MH. They also exhibit an optimal value of X 1 given in Table I . Table I ). It can thus be concluded that, among the characteristics under consideration herein, the temperature of fusion is what governs the energy efficiency of a secondary refrigeration process, while changes in enthalpy of fusion and viscosity can be compensated for by adapting the design of the circuit and heat exchangers.
Comparison with experimental data
The literature reporting experimental data measured on secondary refrigeration systems of industrial size is more than rare. Most of the experimental data published are obtained from lab-size setups. One of the largest experiment reported is that of Shi and Zhang [24] . They produce 185kg of tetra-n-butyl-ammonium-bromide clathrate hydrate (which is rather similar to TBPB) in a double-tube heat exchanger cooled by a refrigerator. The hydrate slurry is stored in a 0. 
Appendix: Thermophysical properties
This appendix does not intend to review the state-of-the art on the thermophysical properties of the four slurries under consideration, but rather to provide the values or simplified correlations that were used in the calculations.
A.1 Equations of state
The equations of state T eq (x) for the slurries IG, TB, and MH, as established from initial data of [25] [26] [27] [28] , are shown in Fig. 2 and the values used herein are given in Table I .
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For the slurry CO, the equilibrium temperature T eq depends on the gas pressure only. The data of [29] [30] [31] are linearized in the range of interest according to:
( ) 0.098 0.1
T in Celsius and P in MPa.
For the solubility σ of CO 2 in the water-CO 2 solution, a model was adjusted to the data published in [32] leading to the following formula (mass concentration): 
A.2 Density
The flow density is obtained by summing up the volumes of each phase: 
, where T r and P r are the reduced temperature and pressure, respectively.
A.3 Heat capacity
The flow average heat capacity is:
. The various heat capacities, constant or xdependent, are taken from [28, [33] [34] [35] and given in Table A .I. The values of c pS for hydrates involving TBPB were replaced by those with TBAB, which has a similar hydration number and which has been more widely investigated. The difference is likely to be negligible compared to the role of enthalpy of fusion. The values of c pG (gaseous CO 2 ) are deduced from [36] . Table A .I: Material properties used in the calculations (x is the mass concentration of additive in the aqueous solution).
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A.4 Viscous friction and heat transfer
These two phenomena depend much more on the solid volume fraction φ in the slurry than on the mass fraction X. The expression of φ is given by simple algebra: be seen as Newtonian (n=1, and with K as the dynamic viscosity) [37] , when the three other slurries CO, TB, and MH, are pseudo-plastic fluids (n<1). The values of K and n used herein were obtained from [12, [38] [39] [40] , and simplified formulae are given in Table A are considered herein as fully turbulent, and thus preventing crystal deposition, for Re=4000.
As turbulence is imposed everywhere, the latter formula on f gives way to the four pressure drops ∆P 23 , ∆P HXU , ∆P 45 , ∆P HXE , from which the pumping power is evaluated by eq. (7).
Studies about heat transfer in non-Newtonian slurries are scarce, with the exception of the review [42] . Following the latter reference, we used the empirical formula: complemented by the expression given by [43] for the slurry thermal conductivity k SL :
( ) 
